30 Ar and 29 Cl have been identified by measurement of the trajectories of their in-flight decay products 28 S þ p þ p and 28 S þ p, respectively. The analysis of angular correlations of the fragments provided information on decay energies and the structure of the parent states. The ground states of 30 Ar and 29 Cl were found at 2.25 þ0.15 −0.10 and 1.8 AE 0.1 MeV above the two-and one-proton thresholds, respectively. The lowest states in 30 Ar and 29 Cl point to a violation of isobaric symmetry in the structure of these unbound nuclei. The two-proton decay has been identified in a transition region between simultaneous two-proton and sequential proton emissions from the 30 Ar ground state, which is characterized by an interplay of three-body and two-body decay mechanisms. The first hint of a fine structure of the two-proton decay of 30 Ar Ã ð2 þ Þ has been obtained by detecting two decay branches into the ground and first-excited states of the 28 S fragment.
Previously unknown isotopes 30 Ar and 29 Cl have been identified by measurement of the trajectories of their in-flight decay products 28 S þ p þ p and 28 S þ p, respectively. The analysis of angular correlations of the fragments provided information on decay energies and the structure of the parent states. The ground states of 30 Ar and 29 Cl were found at 2.25 þ0.15 −0.10 and 1.8 AE 0.1 MeV above the two-and one-proton thresholds, respectively. The lowest states in 30 Ar and 29 Cl point to a violation of isobaric symmetry in the structure of these unbound nuclei. The two-proton decay has been identified in a transition region between simultaneous two-proton and sequential proton emissions from the 30 Ar ground state, which is characterized by an interplay of three-body and two-body decay mechanisms. The first hint of a fine structure of the two-proton decay of 30 Ar Ã ð2 þ Þ has been obtained by detecting two decay branches into the ground and first-excited states of the 28 Nuclei beyond the proton drip line have been intensively investigated in recent years, because they exhibit exotic new phenomena that cannot be found in stable nuclei. For instance, two-proton (2p) radioactivity was discovered [1, 2] . This phenomenon, predicted by Goldansky in 1960 [3] , manifests a complicated few-body dynamics of "true 2p" (or "true three-body") decays. Because of the pairing effect in nuclei, the sequential emission of protons from the true-2p precursors is not possible, which forces simultaneous (i.e., prompt) emission. As a result, threebody effects lead to extremely long half-lives of true-2p precursors and specific correlations of their fragments [4] . Besides making further observations of 2p radioactivity in 54 Zn and 48 Ni [5, 6] , a study of p-p correlations for the p-fshell 2p precursor 45 Fe has been performed [7] . Similar correlation studies were also attempted for 54 Zn and 48 Ni [8, 9] , but due to very small statistics no conclusions on the decay mechanism could be drawn. The three-body decay mechanisms of short-living "democratic" 2p emitters 6 Be and 16 Ne were studied in broad energy ranges [10] [11] [12] . The first case of 2p radioactivity in an s-d shell was found in the 19 Mg isotope by measuring its decay in flight with a novel tracking technique [13] . In spite of the experimental advances, most 2p-decay precursors remain unexploited.
In this Letter, we report on the discovery and spectroscopic study of the 2p emitter 30 Ar and its neighbor 29 Cl. The experiment is based on in-flight decay of the 2p emitters and the tracking of the decay-product trajectories by microstrip silicon detectors. Previous applications of this method can be found in Refs. [13] [14] [15] [16] [17] .
Experiment.-Secondary 31 Ar ions were produced in the fragment separator (FRS) [18] 30 Ar in-flight decay products, e.g., coincident two protons and a heavy-ion (HI) recoil. In addition, an optical time-projection chamber (OTPC) was used in the same experiment to observe beta decays of stopped 31 Ar ions, which passed the secondary target intact. With this detector, β-delayed 3p emission from 31 Ar was observed [19] . The experimental layout is sketched in Fig. 1 .
The detector setup around the secondary target allowed a reconstruction of all fragment and decay-product trajectories, angles, and the position of the corresponding decay vertex. Angular θðp-pÞ and θðHI-pÞ correlations were obtained with a resolution of 1 mrad. The uncertainty of the 2p-precursor half-life, derived from the uncertainty of the measured center of gravity of the decay-vertex distribution [13] , was 3-5 ps. As was shown in Ref. [16] for the known states in 15 F, 16 Ne, and 19 Na, the identification of 2p-precursor states as well as their decay energies and widths can be determined by analyzing the angular correlations of the decay products.
Reference case of 19 Mg.-The well-known 2p decay of 19 Mg was remeasured to determine angular and half-life (T 1=2 ) resolutions as well as the detection efficiency. The excitation spectrum of 19 Mg obtained as a function of angular θðHI-pÞ correlations,
has confirmed the peaks related to 19 Mg resonances with the total 2p-decay energy E 2p ∼ ρ 2 θ [16, 17] . The observed peaks at 0.85(12), 2.1(3), and 5.3(4) MeV are consistent with the previous measurements [17] . The half-life T 1=2 of the 19 Mg ground state (g.s.) is measured as an upper limit T 1=2 < 10 ps, which does not contradict the literature value of 4.0(15) ps [13] . Recently, the 19 Mg half-life was remeasured by another method as 1.2-4.4 ps [20] .
Observation of 30 Ar and 29 Cl.-Figures 2(a) and 2(b) show the vertex profiles obtained from the 28 S þ p þ p events gated by the assumed 30 Ar "excited-state" and "ground-state" conditions, respectively. These gates are inferred from the respective angular ρ θ correlations as discussed below in the context of Fig. 2(c) . The Monte Carlo simulations [13, 21] shown in Fig. 2 (a) assume T 1=2 ¼ 0 for the 30 Ar states and take into account the above-mentioned experimental angular uncertainties in tracking the fragments in reconstructing the vertex coordinates. The simulations reproduce the data quantitatively. The half-life uncertainty is illustrated by the T 1=2 ¼ 5 ps simulation, which fails to fit the data. The asymmetry of the rising and falling slopes of the vertices is due to multiple scattering of the fragments in the thick target. This vertex profile serves as the reference for estimating the half-life of the 30 Ar g.s. Similar Monte Carlo simulations with T 1=2 ¼ 0 and T 1=2 ¼ 10 ps of the 30 Ar g.s. are compared with the corresponding data in Fig. 2(b) . One may see that the T 1=2 ¼ 0 simulation is the best data fit, while the T 1=2 ¼ 10 ps calculation serves for illustration purpose. Thus, the half-life of the 30 Ar g.s. is shorter than 10 ps, which we assume as the upper limit.
The angular distribution ρ θ of the measured 28 S þ p þ p events is shown in Fig. 2 þ ; see Ref. [22] . By assuming a single-particle structure of 29 Mg, we infer the spectrum of 29 Cl in a two-body potential cluster model 28 S þ p. The Coulomb displacement energy is evaluated with the charge radius of 28 S of 3.21(7) fm derived from systematics of the known isotopes 32;34;36 S [23] . The spin-orbit parameter for the potential model is defined by the spin parity 5=2 þ of the 1.638 MeV state in 29 Mg. The calculated low-lying levels in 29 Cl are displaced in comparison to its isobaric mirror 29 Mg due to a strong Thomas-Ehrman shift (TES). The TES is an effect of the violation of the fundamental isobaric symmetry in the nuclear structure, which was introduced for single-particle states of sd-shell nuclei; see Refs. [24, 25] . As the s and d orbitals have different radial extents, the energies of the respective isobaric-mirror states are different due to the Coulomb interaction. This provides a simple way for estimates of dominant orbitals. Studies of the TES were recently extended to nuclei with an even number of "valence" nucleons, which allowed for estimates of nuclear configuration mixing [26] . The TES effect is responsible for energy anomalies in the nuclei near and especially beyond the proton drip line [27] . In our case, the 1=2 þ g.s. of 29 Cl is at 1.79 MeV above the 1p threshold, and the excitation energy of the 3=2 þ excited state is 0.5 MeV, which is 2.29 MeV above the 1p threshold. Thus, we assume that the 1.8 and 2.3 MeV peaks in Fig. 3 28 S þ p þ p data with gates on ρ θ values corresponding to the peaks A − H in Fig. 2(c) , we obtain the angular θð 28 S-pÞ distributions which reflect energy spectra of protons emitted from the suggested parent states in 30 Ar. This technique has successfully been used for revealing the structure and decay dynamics of 19 Mg [17] . Three such correlations gated by the lowest ρ θ peaks A, B, and C [see 
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202501-3 corresponds to E 2p ¼ 1.4 MeV. There are several arguments for why this peak cannot be assigned to the 30 Ar g.s. First, a consistent description of all 30 Ar levels and their decays is not possible in such a case. Second, the intensity of the peak is surprisingly small for a g.s. population. Previous studies of 16 Ne, 19 Mg populated in neutron-knockout reactions at intermediate energy [13, 14, 16] show that cross sections of the g.s. population contain a large part (of 10%-15%) of the excitation spectrum, which agrees also with studies of 6 Be, 12 O, and 16 Ne at lower energies [11, 12, 29] . Third, we rule out the 1.4 MeV g.s. assignment because of the systematics of odd-even staggering (OES) of nuclear masses, which usually shows a slow trend with the mass number [30] . The OESs of N ¼ 12 isotones and of Z ¼ 12 isotopes (including 30 Ar and its mirror nucleus 30 Mg) are shown in Fig. 6 . The small and almost constant shift Δ ¼ 0.45 MeV observed between bound N ¼ 12 and Z ¼ 12 partners breaks down in the case of unbound 30 Ar. For instance, if we assign the 30 Ar g.s. 0 þ to the low-energy peak B in Fig. 2(c [the lowest-lying peak A in Fig. 2(c) ] can be clearly ruled out by these systematics: The proton spectrum from 2p decay of this state shown in Fig. 4(a) points to a sequential 1p emission with E p of either 0.6 or 0.8 MeV. The two respective E OES values are around zero, which does not match any reasonable structure of the 30 Ar g.s. We propose that this peak has its origin from a branch of 2p decay of the   FIG. 4 (color online) . The histograms (a)-(c) show angular correlations θð 28 S-pÞ, which were selected from the 28 S þ p þ p data by using ρ θ gates within the ranges shown under the labels A, B, and C (in mrad). The gates match the peaks in Fig. 2(c) . The arrows (1,2) point to the peaks (1,2) in Fig. 3 , which suggest the states in 29 Cl. The curves in panels: (a) Monte Carlo simulations of the detector response to a sequential 2p decay 30 Ar 30 Ar and 29 Cl states, whose energy is given relative to the 2p and 1p thresholds, respectively. The assigned levels 0 þ and (2 þ ) in 30 Ar correspond to the peaks B and C in Fig. 2(c) , respectively. The peak A in Fig. 2(c) 
FIG. 5 (color online). Proposed decay scheme of low-lying

FIG. 6 (color online)
. Odd-even mass staggering expressed via nuclear separation energies 2E OES ¼ 2S N − S 2N (see [30] ) and applied to mirror nuclei with mass numbers A around 30. Here, S N and S 2N are one-nucleon (either proton or neutron) and twonucleon separation energies, respectively. To the left of the gray hatched bar: Data for bound Z ¼ 12 nuclei and their isobaric mirrors (solid and dashed lines, respectively) exhibit a small constant shift of 0.45 MeV. The right part shows data for known Fig. 5 ), which may represent the first case of fine structure in the 2p emission. An experiment that detects coincidences 28 
MeV and E γ ¼ 1.51 MeV might test our tentative assignment. Decay mechanism of 30 Ar g.s.
-The proton distribution from 2p decays of the 30 Ar g.s. is shown in Fig. 4(b) . It is almost twice broader compared to the one predicted by a "true" 2p decay mechanism. Furthermore, the distribution does not point to a sequential 2p emission, where typical double-peak structures prevail. To solve this puzzle, we have applied a simple analytical simultaneous-emission model [4] . This model approximates well both true and sequential 2p-decay mechanisms and yields a smooth transition between them [31, 32] . The model considers protons p i (emitted with angular momenta j i ) populating intermediate HI-p resonant states at E j i . The p-p interaction is neglected, and protons share the total decay energy E 2p , which is described by the parameter ε ¼ EðHI-pÞ=E 2p . The 2p-decay spectra are described by the 2p-precursor's width,
There Γ j i are the standard R-matrix expressions for 1p-decay widths as a function of energy of the involved resonances in the 28 S þ p i subsystems. In a reasonable approximation, the matrix element hV 3 i 2 ≈ ð2E OES Þ 2 . The calculations show that the 30 Ar decay energy is located in a transition region from the true three-body decay mechanism (characterized by a belllike spectrum centered at ε ¼ 1=2) and the sequential decay (with two peaks at ε ¼ 0.75 and at 1 − ε); see Fig. 7(a) . Here the correlation pattern is extremely sensitive to calculation parameters, where small variations of E 2p are decisive. The respective simulations of the angular correlations in the lab system are compared with the data in Fig. 7(b) . The decay of 30 Ar g.s. occurs exactly in an intermediate situation when two "satellite" peaks, originating from sequential decays, begin to grow on either side of the central bump, which results from true 2p decays. This observation is the first evidence of such an interplay of the two 2p-decay mechanisms of a nuclear g.s. This effect is confirmed by the comparison of the 30 Ar half-lives predicted by the true 2p-decay, sequential-emission, and simultaneous-emission models; see 
202501-5
Excited states in 30 Ar.-Finally, we interpret the peak C in Fig. 2(c) as a ð2 þ Þ state at 2.9 MeV in 30 Ar decaying by two branches of sequential 1p emissions via the lowest states in 29 Cl. These assignments are based on the very different 28 S-p correlation patterns shown in Fig. 4(c) . The tentative spin parities of the levels stem from the penetrability estimates of 1p emission to the respective states in 29 Cl. The assumed 0 þ and 2 þ states in 30 Ar follow the level scheme of the mirror 30 Mg. The peaks D − H in Fig. 2(c) and 3 -5 in Fig. 3 correspond to the 28 S-p correlations which can lead to identification of higherexcited states in 30 Ar and 29 Cl. This will be treated in forthcoming publications.
Summary.-We report the discovery of two new isotopes, 30 Ar and 29 Cl, which both are unbound. From the measured angular correlations of the decay products, a transition interplay of true three-body and sequential 2p decays is detected in 30 Ar. Such a phenomenon, never observed before, may be common in 2p-unbound nuclei and could be of interest for other disciplines dealing with few-body systems. The indicated dramatic change of odd-even mass staggering in 2p-unbound nuclei and the fine structure in the 2p decay of the 30 Ar Ã ð2.9 MeVÞ state call for further investigations.
